Perceptual learning is an important means for the brain to maintain its agility in a dynamic environment. Top-down focal attention, which selects task-relevant stimuli against competing ones in the background, is known to control and select what is learned in adults. Still unknown, is whether the adult brain is able to learn highly visible information beyond the focus of top-down attention. If it is, we should be able to reveal a purely stimulus-driven perceptual learning occurring in functions that are largely determined by the early cortical level, where top-down attention modulation is weak. Such an automatic, stimulus-driven learning mechanism is commonly assumed to operate only in the juvenile brain. We performed perceptual training to reduce sensory eye dominance (SED), a function that taps on the eye-of-origin information represented in the early visual cortex. Two retinal locations were simultaneously stimulated with suprathreshold, dichoptic orthogonal gratings. At each location, monocular cueing triggered perception of the grating images of the weak eye and suppression of the strong eye. Observers attended only to one location and performed orientation discrimination of the gratings seen by the weak eye, while ignoring the highly visible gratings at the second, unattended, location. We found SED was not only reduced at the attended location, but also at the unattended location. Furthermore, other untrained visual functions mediated by higher cortical levels improved. An automatic, stimulus-driven learning mechanism causes synaptic alterations in the early cortical level, with a far-reaching impact on the later cortical levels.
Introduction
The investigation capitalizes on our recent study that used a push-pull training protocol to reduce human observer's sensory eye dominance (SED 1 ), which is largely caused by an unbalanced interocular inhibition (Ooi & He, 2001; Schor, 1991; Xu, He, & Ooi, 2010a) . Binocular vision such as stereopsis and binocular competition are adversely affected when the interocular inhibition is unbalanced (Schor, 1991; Xu et al., 2010a) . For example, when the two eyes are stimulated with a pair of dichoptic orthogonal gratings, the grating presented to the strong eye receives less inhibition and is more likely to be perceived (dominant). For the two eyes to have equal chance of seeing its image (50% predominance), either the contrast of the grating in the strong eye has to be reduced, or the contrast of the grating in the weak eye is increased. We define the contrast value of the grating at this point of neutrality as the ''balance contrast''.
We can psychophysically quantify SED by obtaining each eye's balance contrast using the procedure shown in Fig. 1a (Xu et al., 2010a) . The two eyes view a briefly presented pair of dichoptic vertical and horizontal gratings. The observer reports which grating is perceived (dominant). To find the point of neutrality, the contrast of the horizontal grating, say, in the right eye (RE) is fixed while the contrast of the vertical grating in the left eye (LE) is adjusted. The LE's balance contrast is obtained when its image has 50% predominance. Then to obtain the RE's balance contrast the gratings in the two eyes are switched and the entire procedure is repeated (Fig. 1b) . The difference between the LE and RE's balance contrast values is the SED, with the eye having the larger balance contrast being the weak eye at the tested retinal location.
SED can be reduced using a push-pull perceptual training protocol ( Fig. 1c) (Xu et al., 2010a) . In the training, the weak eye was presented with a monocular cue (rectangular frame) to attract transient (bottom-up) attention to it, prior to stimulation by a pair of dichoptic orthogonal gratings (please refer only to the left side of each half-image for now). The transient attention deployed to the weak eye caused its vertical grating image to be seen (push) while the horizontal grating image in the strong eye was suppressed (pull) (Ooi & He, 1999) . Shortly after, a second round of cueing and binocular stimulation was repeated. The observer reported if the orientation of the dominant grating disc seen in the first, or second interval, was oriented more to the counterclockwise orientation. Repetitions of such a training sequence led to perceptual learning, which we evaluated by measuring the weak eye's balance contrast with a grating stimulus that had the same orientation as the training stimuli (Fig. 1a) . We found the balance contrast shifted toward the balance point after the training, indicating a learning effect in reducing SED. We also measured the balance contrast with a grating stimulus in the weak eye whose orientation was orthogonal to the training gratings (Fig. 1b) , but found no reliable learning effect. This indicates the perceptual learning that reduces SED is specific to the orientation and eye-of-origin of the training stimuli.
Perceptual learning probably involves processes distributed over a large span of the cortical network (Crist, Kapadia, Westheimer, & Gilbert, 1997; Fahle, 1997 Fahle, , 2009 Harauzov et al., 2010; Hua et al., 2010; Karni & Sagi, 1991; Sagi & Tanne, 1994; Sasaki, Nanez, & Watanabe, 2010; Schoups, Vogels, & Orban, 1995; Shiu & Pashler, 1992; Spang, Grimsen, Herzog, & Fahle, 2010; Xiao et al., 2008; Zhang, Xiao, Klein, Levi, & Yu, 2010) . But of significance, our psychophysical findings suggest the perceptual learning described above is largely due to early cortical plasticity, particularly, with respect to the eye-of-origin information. This is because the eyeof-origin signal is very likely coded by monocular cortical neurons that are found abundantly in area V1 and less so in the extrastriate cortices (Maunsell & Van Essen, 1983) . Here, we capitalize on the modulation of the eye-of-origin signal by the interocular inhibitory mechanism to reveal perceptual learning beyond the focus of topdown visual attention (Ahissar & Hochstein, 1993; Bar & Biederman, 1998; Chun & Jiang, 2003; Fahle, 2009; Frenkel et al., 2006; Godde, Stauffenberg, Spengler, & Dinse, 2000; Gutnisky, Hansen, Iliescu, & Dragoi, 2009; Paffen, Verstraten, & Vidnyánszky, 2008; Rosenthal & Humphreys, 2010; Sasaki et al., 2010; Schoups, Vogels, Qian, & Orban, 2001; Seitz, Kim, & Watanabe, 2009; Turk-Browne, Scholl, Chun, & Johnson, 2009; Watanabe, Náñez, & Sasaki, 2001; Watanabe et al., 2002; Zhang & Kourtzi, 2010) . In our paradigm (Fig. 1c) , two sets of push-pull training stimuli are implemented simultaneously at two different retinal locations with locally large SED. The observer attends to one set of stimulation and performs an orientation discrimination task, while ignoring the other set (Posner, 1980) . If perceptual learning can occur beyond the focus of top-down visual attention, a reduction in SED will be found not only at the attended location but also at the unattended location. Confirming this prediction, we found a significant reduction in SED at both the unattended and attended training locations. Furthermore, the perceptual learning leads to improvements in binocular visual functions that were not trained (boundary contour based SED, dynamics of binocular rivalry, and stereopsis).
Material and methods

Apparatus
A Macintosh computer running MATLAB and Psychophysics Toolbox (Brainard, 1997; Pelli, 1997 ) generated the stimuli on a flat-screen CRT monitor. The resolution of the monitor was set at 1280 Â 1024 pixels @100 Hz for all tests, except for the boundary contour based SED and stereopsis tests that was set at 2048 Â 1536 pixels @ 60 Hz. A mirror haploscopic system attached to a chin-and-head rest aided fusion from a viewing distance of 85 cm.
Observers
Six naïve observers (ages 27-35) with clinically normal binocular vision and informed consent were tested. All observers had normal or corrected-to-normal visual acuity (at least 20/20), clinically acceptable fixation disparity (68.6 arc min), central stereopsis (620 arcsec), and passed the Keystone vision-screening test.
General stimuli and procedures for conducting the perceptual learning study
We first measured local SED with dichoptic vertical and horizontal grating discs (1.25°) at eight concentric retinal locations 2°( from the fovea (0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°). Two locations with the largest SED were chosen for the training, one for the attended and the other for the unattended condition (the two locations had 4°spatial separation for four observers and 2.8°sep-aration for two observers). During the 10-day push-pull training phase, two pairs of orthogonal grating discs (vertical/horizontal) simultaneously stimulated these two retinal locations (Fig. 1c) . While both retinal locations received the same sequence of stimulation (cue, stimulus-1, cue, stimulus-2, mask), the observers were instructed to only attend to one location. They discriminated the grating orientation of the stimuli at the attended location (vertical vs. counterclockwise), and ignored the stimulation at the unattended location. SED at the training locations were measured before each day's training session to monitor the learning progress. To further assess the learning effect, we made the following measurements at the two training locations in the pre-and post-training phases: boundary contour (BC)-based SED, dynamics of interocular dominance and suppression, stereo threshold and monocular contrast thresholds. The specific stimulation procedures for the training and various measurements are detailed below in Sections 2.4 and 2.5.
Push-pull training protocol at the attended and unattended retinal locations
The two retinal locations chosen for training were randomly assigned to the attended and unattended conditions, which were implemented simultaneously (Fig. 1c) . A trial began with fixation at the nonius target. Then, at each retinal location, a transient attention cue (1.25°Â 1.25°frame with dash outline, width = 0.1°, 1.56 log unit, 70 cd/m 2 ) was presented monocularly to the weak eye for 100 ms (Ooi & He, 1999) . After a 100 ms cue-lead-time, a pair of dichoptic horizontal and vertical gratings (500 ms, 1.25°, 3 cpd, 35 cd/m 2 ) was presented. The same 100 ms cue was presented again 400 ms later, followed by a 100 ms cue-lead-time, and the presentation of a second pair of dichoptic gratings (500 ms). The grating orientation shown to the weak eye in this second presentation had a slightly different orientation from the grating in the first presentation. Four hundred ms after the dichoptic grating presentation a binocular checkerboard sinusoidal grating mask (200 ms, 7.5°Â 7.5°, 3 cpd, 35 cd/m 2 , 1.5 log unit) terminated the trial. The contrast values of the dichoptic gratings were those that led to the points of neutrality in the RE and LE with the interocular imbalance test. During the trial, the observer was instructed to attend only to one retinal location (attended condition) and ignore the stimulation at the other location (unattended condition). Before commencing the proper training phase, we determined for each observer that the cue successfully suppressed the grating viewed by the strong eye. For the stimulation at the attended location, the observer reported by key press whether the first or second interval's grating had a slight counterclockwise orientation, and an audio feedback was given. Fifty such trials were run for each experimental block to obtain the orientation discrimination threshold using the QUEST procedure. Twelve blocks were performed during each training day.
Specific stimuli and procedures for measuring the various visual functions 2.5.1. Interocular imbalance test to measure SED at eight different retinal locations
The stimulus comprised a pair of dichoptic vertical and horizontal sinusoidal grating discs (3 cpd, 1.25°, 35 cd/m 2 ) ( Fig. 1a and b) . The contrast of the horizontal grating was fixed (1.5 log unit) while the contrast of the vertical grating was varied (0-1.99 log unit). A trial began with central fixation on the nonius target (0.45°Â 0.45°, line width = 0.1°, 70 cd/m 2 ), followed by the presentation of the dichoptic orthogonal grating discs (500 ms), and terminated with a 200 ms mask (7.5°Â 7.5°checkerboard sinusoidal grating, 3 cpd, 35 cd/m 2 , 1.5 log unit). The observer responded to his/her percept, vertical or horizontal, by key presses. If a mixture of vertical and horizontal orientation was seen, the observer would respond to the predominant orientation seen. The vertical grating contrast was adjusted after each trial using the QUEST procedure (50 trials/block) until the observer obtained equal chance of seeing the vertical and horizontal gratings, i.e., the point of neutrality. Each block was repeated twice. When the vertical grating was presented to the LE we refer to its contrast at neutrality as the LE's balance contrast. The grating discs were then switched between the eyes to obtain the RE's balance contrast. The difference between the LE and RE balance contrast is the SED.
In the pre-training phase, SED was measured at eight concentric retinal locations (0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°) 2°f rom the fovea. Thus, a total of 16 stimulus combinations (8 locations Â 2 eyes), in a randomized testing order, were run. From the eight retinal locations tested, two locations with the largest SED ($0.3-0.4 log unit) were chosen for the training. During the training-phase, the SED at the two training-locations were measured with horizontal and vertical gratings before each day's training session.
Boundary contour (BC)-based SED
We adapted a stimulus from Xu, He, and Ooi (2010b) to reveal the contribution of the boundary contour to SED. The stimulus comprised a pair of dichoptic vertical (1.8 log unit) and horizontal (1.2 log unit) sinusoidal grating discs (3 cpd, 1.25°, 35 cd/m 2 ), each surrounded by vertical grating (3 cpd, 7.5°Â 7.5°, 1.8 log unit, 35 cd/m 2 ) (Fig. 3a) . The disc with the vertical grating in one halfimage had a variable phase-shift (0-180°) relative to the larger vertical grating surround. A trial began with central fixation on the nonius target (0.45°Â 0.45°, line width = 0.1°, 70 cd/m 2 ) and the presentation of the dichoptic stimulus (500 ms), followed by a 200 ms mask (7.5°Â 7.5°checkerboard sinusoidal grating, 3 cpd, 35 cd/m 2 , 1.8 log unit). The observer responded to his/her percept, vertical or horizontal, by key presses. If a mixture of vertical and horizontal orientation was seen, the observer would respond to the predominant orientation seen. The relative phase-shift of the vertical grating disc was adjusted after each trial (step size = 14°p hase-shift) using the staircase procedure until the observer obtained an equal chance of seeing the vertical and horizontal gratings, i.e., the point of neutrality. Each block of trials ($50-60 trials) comprised 30 reversals, with the last 26 reversals taken as the average threshold. When the vertical grating disc was presented to the LE we refer to its phase-shift at the point of neutrality as the LE's balance phase-shift. The grating half-images were then switched between the eyes to obtain the RE's balance phase-shift. The difference in the balance phase-shift between the LE and RE defines the BC-based SED. We tested four stimulus combinations [2 locations (attended + unattended) Â 2 eyes]. Each combination was repeated twice. The order of testing was randomized.
Separately, the BC-based SED was tested using 45°(1.2 log unit) and 135°(1.8 log unit) grating discs (1.25°, 3 cpd, 35 cd/m 2 , 500 ms), each surrounded by 135°grating (3 cpd, 7.5°Â 7.5°, 1.8 log unit, 35 cd/m 2 ) (Fig. 3b) . The staircase method was used, and the phase-shift of the 135°grating disc relative to the 135°sur-round grating was adjusted after each trial (step size = 14°phase-shift) until the point of neutrality was obtained for each eye.
Dynamics of interocular dominance and suppression
The stimulus comprised a pair of dichoptic vertical and horizontal grating discs (1.25°, 3 cpd, 35 cd/m 2 , 1.5 log unit) surrounded by a 7.5°Â 7.5°gray square (35 cd/m 2 ) (similar to Fig. 1a and b) . A trial began with central fixation on the nonius target (0.45°Â 0.45°, line width = 0.1°, 70 cd/m 2 ) and the presentation of the dichoptic orthogonal gratings (30 s), followed by a 1 s mask (7.5°Â 7.5°checkerboard sinusoidal grating, 3 cpd, 35 cd/m 2 , 1.5 log unit). The observer's task was to report (track) his/her instantaneous percept of the binocular competitive stimulus over the 30 s stimulus presentation duration. Depending on the percept, vertical, horizontal, or a mixture of both, he/she would depress the appropriate key until the next percept took over.
Two grating orientation conditions were conducted: ''same grating'' vs. ''orthogonal grating''. The same grating condition had the stimulus grating orientation presented to each eye been the same as the trained grating orientation. The orthogonal grating condition had the grating orientation switched between the two eyes. Altogether, there were four stimulus combinations [2 locations (attended + unattended) Â 2 conditions (same + orthogonal)]. Each combination was repeated 10 times in a randomized order.
Stereo threshold
A 7.5°Â 7.5°random-dot stereogram (dot size = 0.0132°, 35 cd/ m 2 ) with a variable crossed-disparity disc target (1.25°) was used (Fig. 5a ). The contrast of the stereogram was individually selected for each observer, to make the stereo task moderately difficult and to avoid a possible ceiling-effect due to pixel-size constraint. With this criterion, the contrast levels were set at 1.1 log unit for one observer, 1.2 log unit for three observers, and 1.3 and 1.5 log units, respectively, for the remaining two observers. We used the standard 2AFC method in combination with the staircase procedure to measure stereo disparity threshold. The temporal sequence of stimulus presentation was fixation, interval-1 (200 ms), blank (400 ms), interval-2 (200 ms), blank (400 ms), and random-dot mask (200 ms, 7.5°Â 7.5°, 35 cd/m 2 ). The observer indicated if the crossed-disparity disc was perceived in interval-1 or -2, and an audio feedback was given. Each block comprised 10 reversals (step size = 0.8 arc min, total $50-60 trials), and the average of the last eight reversals were taken as the threshold. Each block was repeated four times, and measured over two days. The order of testing was ''ABBA'' for day-1 and ''BAAB'' for day-2 (''A'' = attended condition and ''B'' = unattended condition).
Monocular contrast threshold
The monocular sinusoidal grating (1.25°, 3 cpd, 35 cd/m 2 , 500 ms) was either horizontal or vertical for the contrast sensitivity test. The fellow eye viewed a homogeneous field. The test was conducted using a 2AFC method in combination with the QUEST procedure. The 2AFC stimulus presentation sequence was: fixation, interval-1 (500 ms), blank (400 ms), interval-2 (500 ms), blank (400 ms), and mask (7.5°Â 7.5°checkerboard sinusoidal grating, 3 cpd, 35 cd/m 2 , 1.5 log unit, 200 ms). The grating was presented at only one interval while the other interval was blank. The observer responded to seeing the grating either in interval-1 or -2 by key press, and an audio feedback was given. The grating contrast was adjusted after each trial (by QUEST) to obtain the threshold. We tested eight stimulus combinations [2 locations (attended + unattended) Â 2 conditions (same + orthogonal) Â 2 eyes] in a randomized order. Each stimulus combination was repeated over two blocks of trials (50 trials/block).
Results
During the training phase, we monitored the observer's learning progress by measuring his/her balance contrast before each daily training session. In addition, we measured the effect of training on four other visual functions: boundary contour (BC)-based SED, dynamics of interocular dominance and suppression, stereo acuity and monocular contrast thresholds.
3.1. Reduction in SED at both the attended and unattended locations with the trained stimulus feature
The balance contrast was tested with dichoptic gratings whose orientation in each eye was either the same as, or orthogonal to, the orientation of the grating used during the training. To be succinct, we call the former stimulation the ''same grating'' and the latter the ''orthogonal grating''. Fig. 2a and b plots the interocular balance contrast, which is defined as the difference between the measured balance contrast and 1.5 log unit (contrast of the fixed grating). With the same grating, the mean interocular balance contrast at the attended location (open squares, Fig. 2a (a) The average interocular balance contrast at the attended location obtained, respectively, with grating whose orientation was the same as, or orthogonal to, the grating used in the training. The same interocular balance contrast is the measured contrast in the weak eye minus 1.5 log unit (fixed contrast of grating in the strong eye); whereas the orthogonal interocular balance contrast is the measured contrast in the strong eye minus 1.5 log unit (fixed contrast of grating in the weak eye). The interocular balance contrast reduces significantly with training, particularly when tested with the same orientation grating. (b) The average interocular balance contrast at the unattended location exhibits a similar trend as that at the attended location. (c) SED, defined as the difference between the same and orthogonal interocular balance contrast reduces significant at both the attended and unattended locations as the training progresses.
trast (filled squares, Fig. 1b ) only tends slightly toward the balance point [slope = 0.0068, R 2 = 0.7749, p < 0.001] with a much flatter slope [the interaction effect of 2-orientation vs. 11-training session: F(10, 50) = 9.742, p < 0.001, 2-way ANOVA with repeated measures]. This finding reconfirms our earlier study (Xu et al., 2010a) that the learning effect is orientation and eye specific, i.e., taps on early cortical plasticity. Importantly, we found a similar learning effect at the unattended location. The mean interocular balance contrast with the same grating reduces toward the balance point with training (open diamonds, Fig. 2b ) (slope = À0.0146, R 2 = 0.8544, p < 0.001). But the mean interocular balance contrast with the orthogonal grating only shows a weak tendency toward the balance point (slope = 0.0016, R 2 = 0.133, p = 0.270) [interaction effect of 2-orientation vs. 11-training session: F(10, 50) = 3.553, p = 0.001, 2-way ANOVA with repeated measures]. Fig. 2c plots the SED, i.e., the difference between the same grating and orthogonal grating interocular balance contrast values obtained above. Clearly, SED reduces with training at both the attended (slope = À0.0300, R 2 = 0.8968, p < 0.001) and unattended locations (slope = À0.0162, R 2 = 0.8136, p < 0.001). The slope of the attended condition is significantly steeper than the slope of the unattended condition [F(10, 50) = 3.961, p = 0.001, 2-way ANO-VA with repeated measures]. Altogether, these results reveal SED is significantly reduced at the unattended training location beyond the focus of top-down attention. However, top-down focal attention acts to facilitate perceptual learning as evidenced by the finding at the attended condition (Ahissar & Hochstein, 1993 Crist et al., 1997) .
Reduction in boundary contour (BC)-based SED only at the attended location
The grating disc stimuli in Fig. 1a and b have similar boundary contour (BC) strength (saliency of the circular disc outline enclosing the grating texture) in each half-image. Thus, the SED obtained from changing the relative grating contrast between the RE and LE mainly reflects the feature-based aspect of SED. We now measured if the SED reduction is associated with a change in the processing of the BC information, which can also affect SED (Ooi & He, 2006; Su, He, & Ooi, 2009 van Bogaert, Ooi, & He, 2008; Xu et al., 2010b) . We used a BC-based SED test (Fig. 3a) , where the BC strength of the vertical grating disc is varied by changing the relative phase-shift between the vertical grating disc and the surrounding vertical grating. Meanwhile, the relative contrast of the dichoptic gratings remains constant. Doing so allows us to obtain the balance phase-shift, i.e., the point of neutrality between the two eyes. We measured the balance phase-shifts before and after the 10-day training period. If the weak eye strengthens after the training and leads to a reduction in BC-based SED, the phase-shift required to reach the point of neutrality will be smaller after, than before, the training. Fig. 3c plots the reduction in BC-based SED, defined as the difference in the amount of phase-shift to reach the point of neutrality before and after training. Thus, a larger angular reduction in phase-shift indicates a larger reduction in BC-based SED. The leftmost bar shows the BC-based SED is significantly reduced at the attended location after the training [t (5) We also tested a control condition wherein the dichoptic test stimuli comprised 45°and 135°oriented gratings (Fig. 3b) . Should the learning effect found in Fig. 3a be contributed by an enhanced BC strength in the weak eye (besides enhanced orientation feature), we would expect to find a similar learning effect with test stimuli whose grating orientations are different from the trained orientations. Confirming this, the result in Fig. 3c (two right bars) shows a significant reduction in the BC-based SED at the attended location [t(5) = 2.601, p = 0.048] and an insignificant reduction at the unattended location [t(5) = 1.398, p = 0.221]. Comparison between the two locations, however, does not reveal a significant difference [t(5) = 0.289, p = 0.784]. This finding of a learning effect only at the attended location may be attributed to the fact that the BC-based SED is partially mediated by the border ownership selective neurons in the extrastriate cortices (V2 and beyond), which receive robust top-down attention modulation (Qiu, Sugihara, & von der Heydt, 2007; Zhou, Friedman, & von der Heydt, 2000) .
3.3. Learning effect on the dynamics of interocular dominance and suppression: advantage at the attended location with the trained stimulus feature So far, the measured SEDs are based on a detection task with brief stimulus duration (500 ms) (Xu et al., 2010a phase of interocular inhibition. To reveal how the training influences the maintenance of perceptual dominance and its switching frequency, our observers tracked their perceptual dominance while viewing the binocular competitive stimulus (Fig. 1a and b) over an extended duration (30 s). The grating orientation stimulating the weak (trained) eye was either the same as, or orthogonal to, that during the training. From the data, we calculated the predominance, dominance duration and frequency of dominance. The graphs in the left and right panels of Fig. 4 , respectively, for the attended and unattended conditions, present the mean ratios of the performance of the weak eye to that of the strong eye. A ratio of unity indicates the two eyes performed equally, while a ratio of greater than unity indicates the weak eye performed better for the given stimulus. Fig. 4a shows for each condition, the predominance ratio with the same grating stimulus is increased after the training, but do not change much with the orthogonal grating stimulus [F(1, 5) = 10.991, p = 0.021, 3-way ANOVA with repeated measures]. This reconfirms that the learning is specific to the stimulus feature and eye-of-origin. Comparison between the performance with the same grating stimulus reveals a larger predominance ratio in the attended than unattended condition [main effect of training: F(1, 5) = 7.295, p = 0.043; interaction effect: F(1, 5) = 6.814, p = 0.048, 2-way ANOVA with repeated measures]. Further analysis reveals a significant increase in predominance ratio at the attended location [t(5) = 2.786, p = 0.039] and a moderate increase at the unattended location [t(5) = 2.444, p = 0.058]. But for the orthogonal grating stimulus, 2-way ANOVA fails to reveal a reliable impact of the training on the predominance ratio (p > 0.3). The mean dominance duration ratios in Fig. 4b exhibit a similar trend as the predominance ratios in Fig. 4a . The dominance duration ratio (weak eye/strong eye) increases after the training with the same grating stimulus, with the larger increase at the attended location [main effect of training: F(1, 5) = 7.027, p = 0.045; interaction effect between training location and session: F(1, 5) = 5.307, p = 0.069, 2-way ANOVA with repeated measures]. Further analysis reveals a significant increase in the duration ratio at the attended location [t(5) = 2.741, p = 0.041], and a moderate increase in the ratio at the unattended location [t(5) = 2.345, p = 0.066] with training. The duration ratios do not change reliably with training with the orthogonal grating stimulus. (Notably, the tracking predominance and duration findings here mirror those found with the interocular imbalance test for SED that uses a detection task. That is, the same eye has the advantage in both the tracking and detection tasks.)
The average dominance frequency ratios in Fig. 4c do not show any learning effect. A 3-way ANOVA with repeated measures analysis reveals no reliable change in the dominance frequency ratio after the training (p > 0.25).
Perceptual training improves stereo acuity at both the attended and unattended locations
We measured binocular disparity thresholds in the pre-and post-training phases, using a random dot stereogram ( Fig. 5a ; an untrained stimulus) at the attended and unattended locations. Similar reductions in stereo thresholds are found at both locations with training [main effect of the training: F(1, 5) = 23.656, p = 0.005; interaction effect: F(1, 5) = 0.010, p = 0.926, 2-way ANO-VA with repeated measures] (Fig. 5b). 3.5. Monocular contrast threshold: reduction unlikely associated with changes in SED Fig. 4 . Dynamics of interocular dominance and suppression before (pre) and after (post) the training, measured with gratings whose orientations were either the same as, or orthogonal to, the training gratings. The data are plotted as a ratio of the performance of the weak eye to the strong eye. Thus, a ratio of greater than unity indicates a superior performance in the weak eye for that stimulus. . This generalized learning effect is unlikely to be associated with the reduction in SED. For example, had the reduction in monocular contrast thresholds been associated with SED reduction, the contrast threshold reduction in the weak eye would be larger than the contrast threshold reduction in the strong eye.
Discussion
We found that implementing the push-pull training at both the attended and unattended locations lead to a significant reduction in SED and modifications of other binocular functions. The finding at the unattended location thus reveals a stimulus-driven mechanism for perceptual learning beyond the focus of top-down attention. Focused attention, however, facilitates perceptual learning.
Monocular cueing during the push-pull training (Fig. 1c) attracts transient, bottom-up attention to the weak eye to cause perceptual dominance of the weak eye at the expense of the strong eye (suppressed) (Ooi & He, 1999; Xu et al., 2010a) . The suppression of the strong eye's signals by the weak eye during the training very likely potentiates the synaptic efficiency of the weak eye's inhibitory connection that it imposes on the strong eye (channel). At the same time, the failure of the strong eye to suppress the weak eye could depress the synaptic efficiency of the strong eye's inhibitory connection that it imposes on the weak eye (channel) (Dan & Poo, 2004; Hebb, 1949; Stent, 1973) . It is important to emphasize that this plasticity is selectively driven by the binocular competitive stimuli employed in the push-pull training protocol. This is because we previously showed little learning occurred with a push-only training protocol where only the weak eye was stimulated (Xu et al., 2010a) .
Overall, our study suggests the plasticity of the interocular inhibitory network and its modification of the eye-of-origin signals is largely stimulus-driven. It is well documented that there is little top-down attention influence on the eye-of-origin information. For instance, it is not possible for us to will ourselves to focus attention on one eye. This is presumably because we have no conscious access to the eye-of-origin information that is explicitly coded by the monocular neurons in the primary visual cortex. We cannot direct attention to say, the RE in the absence of physical stimulation, so that after the onset of a pair of dichoptic orthogonal gratings the image viewed by the ''attended'' RE prevails. The stimulus-driven learning mechanism found here in the adult binocular visual system might also play a role in shaping the ocular dominance column formation in V1 during early binocular development (Held, 1991; Held & Hein, 1963; Hensch et al., 1998; Huang et al., 1999; Huang, Gu, Quinlan, & Kirkwood, 2010; LeVay, Wiesel, & Hubel, 1980) . It would be interesting for future studies to compare the differential development of the ocular dominance columns using the classic monocular deprivation paradigm vs. the push-pull paradigm that excites an eye while suppressing the other.
Our study shows the stimulus-driven learning mechanism complements the role of top-down attention in perceptual learning (Ahissar & Hochstein, 1993 Fahle, 2004; Fiser & Aslin, 2001; Held & Hein, 1963; Lu & Dosher, 2009; Sasaki et al., 2010; Watanabe et al., 2002; Zhang & Kourtzi, 2010) . Studies by others have revealed focal attention is critical for perceptual learning (e.g., Ahissar & Hochstein, 1993; Crist, Li, & Gilbert, 2001; Li, Piëch, & Gilbert, 2004; Mukai et al., 2007; Schoups et al., 2001; Shiu & Pashler, 1992) . For example, if an observer attends to an orientation feature that is relevant to the perceptual task and ignores other irrelevant features during the training he/she only improves in sensitivity to detect the attended feature (Shiu & Pashler, 1992) . Arguably, top-down visual attention is directly deployed to the cortical circuitries that represent global surface, or figure/object, for signal enhancement and selection (Duncan, 1984; He & Nakayama, 1995; Qiu et al., 2007; Reynolds & Chelazzi, 2004) . It thus readily lends itself as a ''figure/object-based'' focal attention to gate perceptual learning of mid-and high-level visual processes (Ahissar & Hochstein, 1993) . In contrast, top-down attention only exerts an indirect, and relatively modest influence on the early-level visual processes (e.g., V1), presumably through a feedback network from the extrastriate cortices (Kastner & Ungerleider, 2000; Yoshor, Ghose, Bosking, Sun, & Maunsell, 2007) . Consistent with this analysis, the facilitated learning effect found at the attended location demonstrates the complementary roles of both types of learning mechanisms (Ahissar & Hochstein, 1993; Sasaki et al., 2010) .
Apart from the stimulus-driven learning mechanism, a stimulusreward pairing learning mechanism (Dayan & Balleine, 2002; Sasaki et al., 2010; Seitz & Dinse, 2007; Seitz et al., 2009) could arguably contribute to the perceptual learning effect at the unattended location. Recent psychophysical studies discovered observers improve their performance in detecting features (e.g., global motion direction) that are irrelevant to the task used in the training (e.g., Seitz et al., 2009; Tsushima, Seitz, & Watanabe, 2008; Watanabe et al., 2001 Watanabe et al., , 2002 ). These findings of task irrelevant perceptual learning (TIPL) provide the first and strongest evidence that top-down attention does not gate all types of perceptual learning (also see Carmel, Khesin, & Carrasco, 2010; Gutnisky et al., 2009; Paffen et al., 2008; Polley, Steinberg, & Merzenich, 2006; Rosenthal & Humphreys, 2010) . It is proposed that during a training trial, when a task irrelevant stimulation is paired with reward signals released from the central nervous system, the network that processes the task irrelevant stimulus is modified, thereby driving perceptual learning (Seitz & Dinse, 2007; Seitz et al., 2009) . The stimulus-reward pairing learning mechanism could plausibly contribute to the perceptual learning of SED at the unattended location. This is because successful performance in orientation discrimination of the dominant grating discs at the attended location might trigger the reward system, which consequently facilitated the stimulusdriven learning at the unattended location, since the training stimuli were presented simultaneously at the unattended and attended locations. Further studies that use a learning protocol that is capable of dissociating between these two learning mechanisms are needed to test this possibility.
External stimulations are critical for neural wiring during early development before the juvenile animals are fully conscious of their environment (Hubel & Wiesel, 1970) , and before they are able to depend on the top-down attention system. At this stage, the juvenile brain depends predominantly on the stimulus-driven learning mechanism for cortical plasticity. It has been assumed that with maturation, the stimulus-driven learning mechanism, which operates automatically (unconsciously), phases off and yields to the attention-gated learning mechanism to select what information is learned. This view is consistent with the empirical findings that top-down attention is required for substantial perceptual learning to occur in adults (e.g., Ahissar & Hochstein, 1993; Shiu & Pashler, 1992) . However, a sole dependence on the attention-gated learning mechanism may not be sufficient for the adult sensory system to survive in the dynamic, natural environment where highly visible background information that usually escapes the purview of focal attention can also have a biological significance. Our findings that visual performance at a location beyond the focus of top-down attention improves after that location was repeatedly exposed to highly visible stimuli indicates that the matured brain retains the ability to learn automatically. These considerations strongly suggests that the stimulus-driven learning mechanism plays a significant role in the early visual process where top-down attention modulation is relatively weak and its information content (e.g., eye-of-origin signal) cannot be directly accessed by visual awareness. In adults, both types of learning mechanisms co-exist. Presumably, top-down attention suppresses stimulus-driven learning of highly visible task irrelevant information at the higher cortical levels but does not prevent stimulus-driven learning at the lower cortical level.
Conclusions
A number of studies have shown that adult perceptual learning is largely controlled by the top-down attention system. The current study demonstrates that the matured brain also has an alternative, purely stimulus-driven learning mechanism that enables it to automatically learn highly visible information beyond the zone of focal attention. The stimulus-driven learning mechanism is prominent at the early visual level where top-down attention modulation is relatively weak.
